Flow-induced acoustic resonance in a piping system containing closed coaxial side-branches was investigated experimentally. Resonance characteristics of the piping system were examined by a microphone. The results revealed that the resonance frequencies of the shear layer instability were locked in corresponding to the natural frequencies of the side-branches. Phase-averaged velocity fields were obtained two-dimensionally in the junction of coaxial side-branches by dynamic particle image velocimetry (PIV), while the acoustic resonance was induced at the first and second hydrodynamic modes. Patterns of jet correspond to two hydrodynamic modes were derived from the phase-averaged velocity fields. The dynamic PIV can acquire time-series velocity fluctuations, then, two-dimensional phase delay maps under resonance and off-resonance conditions in the junction of coaxial side-branches were obtained. Experimental results show that the proposed phase delay map method costs less experiment and computation time and achieves a better accuracy and repetition than the phase-locking technique. In addition, the phase delay map method can obtain phase difference under the different frequency components. This is important when two different acoustic modes were induced in one experimental condition.
Introduction 1.1 Outline of flow-induced acoustic resonance and the resonance process
Flow-induced acoustic resonance of deep cavities and branch pipes, the so-called cavity tone, are of high interest in engineering applications, such as the piping systems of power station, chemical plants, natural gas compressor stations, the fuel vents on aircrafts or vehicle conjunction of a train. In essence, flow-acoustic coupling occurs when the frequency of the hydrodynamic mode of the shear layer oscillation matches that of the resonant acoustic mode of the side-branch(es). Franke and Carr (1975) have performed experiments and shown that the shear layer frequency in hertz is f n = 0.33(n-1/4)U/d for turbulent boundary layer, where n is the hydrodynamic mode number, the number of shear wavelengths across the opening, U is the free stream velocity, and d is the width of the cavity opening. The flow visualization photographs of vortex patterns correspond to the first and second hydrodynamic mode of the shear layer oscillation were reported by Ziada (1994) , Yang et al. (2009) , among others. The geometries of side-branches, the induced acoustic modes and patterns of acoustic pressure distributions in the side-branches were illustrated by Ziada et al. (1999) , and Velikorodny et al. (2010) .
Acoustic resonance in a pipe with closed side-branches is induced by the unstable shear layer that separates the mean flow in the main duct from the stagnant fluid in the side-branches. Bruggeman et al. (1991) reported that the resonance process is similar to that occurring in wall cavities, Helmholtz resonators, ducts with plates, the "whistler nozzle" and the flute. The description of the resonance mechanism in the cavity was stated as follows by Oshkai et al (2005) : when the resonance frequency of the shear layer instability matches the natural frequency of the side-branch(es), the velocity fluctuations in the shear layer are amplified, and large-scale vortical structures develop across the mouth of the cavity. When these vortices impinge upon the downstream corner of the side-branch(es), the energy of the fluctuating shear layer is transferred into the resonant acoustic field.
The aero-acoustic sound sources can be investigated by taking an experimental, an analytical (Rona 2007, etc. ) and/or a numerical approach (Graf et al. 2010 , Dequand et al. 2003 . The experimental approaches fall into two general categories: non-visible and visible methods. The non-visible experimental one is using mainly microphone and microphone arrays (Ziada et al. 2003 , Arthurs et al. 2009 ). Microphone arrays can directly measure the sound emission and locate the spatial position of its source. In addition, the hot-wire anemometry and the laser Doppler anemometry (LDA) measurement can yield phase-or time-averaged representations of flow quantities, and they can provide insight into certain features of the unstable shear layer at selected points along the opening of the cavity. These methods can provide high-accuracy and high dynamic range experimental data to investigate the flow-induced vibration. However, they can only get the pressure or velocity fluctuations at one or multi-points.
Qualitative and quantitative visualization measurements of cavity tone
Numerous research groups have visualized the flow patterns during generation of tones by means of qualitative visualization techniques. The large-scale vortices in the separated shear layer was visualized by injecting a small amount of smoke, CO 2 , neon and argon, hydrogen bubble, ammonia and sulfur dioxide gases, or dye in the airflow. Huang et al (1991) performed flow visualization showing coherent vortices on the shear layer. Their visualization was accomplished by mixing ammonia gas and sulphur dioxide in the flow immediately upstream of the cavity. Using the smoke visualization, Ziada (1994) visualized the vortices at several Strouhal numbers correspond to: before the onset of resonance; within the lock-in range; in the hysteresis region and after the subsidence of resonance. Kriesels et al (1995) injected a mixture of 50% neon and 50% argon gas through a slit in the wall, upstream of the junction, to visualize the path of the vortex layer in the cross-junction.
The qualitative visualization measurements of the previous studies can be used to generate photographs of large-scale coherent vortices in the separated shear layer, but they are unable to determine the relationship between sound propagation and the flow field due to the difficulty in detecting quantitative field.
More recently, as the fast improvement of the camera and the laser performance, the particle image velocimetry (PIV) technique is maturing towards providing higher spatial and time-resolved flow measurements. Therefore, many researchers (see for example Li et al. (2010) , and others) employed PIV to measure the instantaneous velocity field of a special test section, which allows effective laser illumination and digital acquisition of patterns of particle images. This approach offers the possibility of measuring the instantaneous and time-averaged velocity field, vorticity, and streamline topology, quantitatively.
For instance, Velikorodny et al. (2010) conducted investigation of acoustically coupled shear layers using digital PIV in conjunction with unsteady pressure measurements. Global instantaneous and time-averaged flow images, as well as turbulence statistics, were evaluated to provide insight into the flow physics during cavity tone generation. The emphasis was on the acoustic response of the resonator during the first and second hydrodynamic modes of the shear layer oscillation.
Objective
Despite the fact that a proper phase relationship between perturbations at the upstream and downstream edge of the side-branches seems to be a central feature of the feedback mechanism, little has been done to clarify and quantify this relationship directly in terms of cross-correlations between pressures and velocities at upstream edge, along the shear layer, and at downstream edge. The focus of the present investigation is on the phase relationship stated above. For this purpose, the phase-averaged velocity fields at successive phases of an acoustic cycle and time-series velocity fluctuation in the junction were obtained. The phase relationship was investigated by the phase-locking technique and phase delay map method. Specifically related to the present study are the experimental investigations of Ziada (1994) and Oshkai et al. (2005 Oshkai et al. ( , 2008 , who studied formation and propagation of vortices during an acoustic cycle using qualitative and quantitative flow visualization method on deep cavity.
In the previous quantitative flow visualization investigations, Oshkai et al. (2005 Oshkai et al. ( , 2008 employed long coaxial side-branches and digital PIV to characterize the effect of separation of side-branches in terms of instantaneous and time-averaged flow patterns and to investigate the effect of the side-branches separation on the structure of the acoustic power source by applying a phase-averaging process to the global quantitative images of the flow correspond to various values of the main duct width. For the above-mentioned purpose, they adopted phase-locking technique to obtain phase-averaged streamline patterns, streamwise flow patterns, and vorticity correspond to the first and second hydrodynamic modes. Implementation of phase-locking technique provides insight into the mechanisms of acoustic power generation during a typical cycle of acoustic oscillations. Their research promoted the study area of acoustic resonance and pushed the study forward, however, a study on the propagation of the acoustic resonance is still needed to deeper understand this phenomena.
In the present study, long closed coaxial side-branches (L/D >> 1) and dynamic PIV are employed to clarify the forgoing issues. The frequency of cavity tone was generated a few hundred hertz and dynamic PIV is able to acquire high spatial-and time-resolved two-dimensional flow field at such high frequencies. This research would like to explain the propagation of the sound using phase-locking technique and phase delay map method, which is an easier and widely available approach to obtain two-dimensional phase difference map using time-series velocity fluctuations.
Experimental setup and methods

Coaxial side-branches resonator
The coaxial side-branches resonator was designed to enable the flow in the cross section to be directly observed. The walls of the main duct and the side-branches were made of acrylic resin, which provided optical access to the flow field. The schematic of the coaxial side-branches resonator mounted in the main duct is provided in Fig. 1 . The wall of the main duct and the side-branches had a thickness of 3 mm. The main duct extended for an additional 40 mm downstream of the side-branches. The outlet of the main duct was open to atmosphere. The height of the main duct was D = 6.5 mm in the present study. The side-branches had rectangular cross section and the width of the side-branches was d = 26 mm, the out of page dimension was w = 5 mm and the length of the side-branch was L = 494 mm. The two pipes forming the coaxial geometry were of equal length. In the flow visualization experiments, an area of 31.7 mm × 31.7 mm was visualized, and the visualization area was shown in the dashed frame. A coordinate system was set up and the left bottom point was set as the origin of coordinates.
Loudspeaker and pressure measurements
During the flow visualization experiments after Section 3.2, a loudspeaker, which was used to induce the system at controlled frequency and amplitude, and to override the self-induced oscillation in the natural frequency of the side-branches so that the particle velocity can be increased, in order to obtain more accurate velocity distribution from PIV post processing, was installed at the geometrical center of the end of the upper side-branch. It was therefore possible to adjust the frequency of the acoustic resonance. Moreover, the phase of the visualized flow structure, with respect to the acoustic cycle, could be varied and measured with sufficient accuracy. The time trace of the frequency generator was employed as a phase reference for the image acquisition. The signal of the frequency generator was passed through a pulse and delay generator and then used to trigger a laser and a high speed camera for the dynamic PIV measurements. The trigger signal to the laser was recorded together with the acoustic pressure signals from the frequency generator. This provided the information regarding the phase of acquisition of each velocity field with respect to a typical acoustic cycle. By setting the time delay between the signal from the frequency generator and the trigger of the laser and the high speed camera, the image pairs at a desired phase of an acoustic cycle can be obtained.
To provide insight into the physical mechanism of flow-acoustic coupling and to quantify the strength of the flow tone lock-in, measurement of unsteady pressure was performed using a SiSonic microphone (Dover Co., Ltd., SP0103NC3-3) with integrated amplifiers. The pressure signal was acquired at the frequency of 6000 samples/s. The microphone was installed at the geometrical center of the end of the lower branch to detect the acoustic pressure, and the position is shown in Fig. 1 .
Techniques of PIV
Quantitative flow visualization was accomplished by employing a technique of dynamic PIV. The air was seeded with oil mist particles (olive oil with a mean diameter of 3 μm), which were generated from an oil mist generator by a Laskin nozzle, as tracers to visualize the fluid motion. The particles could follow the fluid streamline closely because the Stokes number was much smaller than 1. The amount of seeding particles that were introduced into the flow stream was optimized in order to ensure negligible effect on the speed of sound while providing sufficient density for the flow visualization purpose. The flow rate of pump was controlled by a sonic nozzle. The mass flow meter was installed at the delivery end of the pump. The positions of the seeding particles are recorded at two known points in time by illuminating the particles using a laser light sheet. In the present study, a New Wave Research Pegasus-PIV laser (λ = 527 nm) was chosen to illuminate the test section. Two lenses, which were used to focus the laser beam and to expand the focused beam in one dimension, created a thin laser sheet about 1 mm in thickness. The laser sheet crossed the midplane of the side-branches and the main duct to illuminate the visualization area.
A Photron FASTCAM-SA5 model 1300K-M1 high-speed camera captured the particle images at each pulse. Depending on the mean flow velocity in the main duct, the delay of two pulses was chosen such that adequate displacements of the particle images on the high speed camera are obtained. The displacement of particles between the two images divided by the time separation between the laser pulses provides the velocity field. The high-speed camera was triggered by the signal coming from a pulse and delay generator, which also supported the high frequency pulse laser. In the present experiments, a speed of 6,000 frames per second with a resolution of 512 x 512 pixels was selected. During each continuous run, a total of 21,829 PIV images were acquired and used in the calculation of the instantaneous velocity field. From these 10,914 pairs of image patterns, 10,914 velocity fields were processed and analyzed using the recursive cross-correlation PIV technique. For PIV cross-correlation, the initial interrogation size was 64 x 64 pixels and the last interrogation size was 32 x 32 pixels.
Results and discussion
Resonance characteristics of closed coaxial side-branches
The natural shear layer oscillation and the acoustic resonance behavior without a loudspeaker were studied in detail before the visualization measurement was introduced. The basic characteristics of the present coaxial side-branches system can be seen in Fig. 2 . The flow rate in the main duct was varied over a range of 0 < Q < 85 l/min and the spectra of the microphone signals were examined to determine the resonance frequencies. The spectrum of the microphone signal was obtained under instantaneous flow rate condition, therefore, the hysteresis characteristic was not observed. Fig. 2 was obtained from picking up the peak power value under a certain flow rate condition and the corresponding frequency value in the frequency spectrum, which were obtained from applying fast Fourier transform (FFT) analysis to the pressure fluctuations detected by the microphone. The results are presented as a plot of resonance frequency, f, and amplitude of each peak, versus flow rate in the main duct, Q. The black and gray solid circle points indicate the resonance frequencies, corresponding to the first and second peak power in the frequency spectra for different flow rate in the main duct. Frequency lock-in can also be observed in this plot as the resonance occurs over a flow range with little variation in the frequencies. Based on Fig. 2 , the first acoustic mode (m = 1) was induced when the flow rate was between 10 l/min and 20 l/min at 165 Hz, the third (m = 2), fifth (m = 3) and seventh acoustic mode (m = 4) were induced when the flow rate in the main duct ranged from 21 -34 l/min, 35 -55 l/min and 56 -77 l/min at 513 Hz, 861 Hz, and 1206 Hz, respectively. The amplitudes, of the first and second peak in the frequency spectra, are indicated by the black and gray solid downward-pointing triangle points. The dashed lines, which were obtained from connecting the black and gray solid circle point which has the highest amplitude of each acoustic mode, indicate the second and the first hydrodynamic mode, respectively. It has been demonstrated that for piping systems with long coaxial side-branches (L/D >> 1), the natural frequency of the side-branches at atmospheric pressure for each acoustic mode can be accurately predicted by the following equation 
where C is the speed of sound, m is the acoustic mode number, L is the length of the side-branch and D is the height of the main duct. In the present study, all experiments were performed at room temperature (23°C), therefore, C = 345.3 m/s. Using Eq. (1), the natural frequencies of the present system are estimated to be 173 Hz, 518 Hz, 864 Hz and 1209 Hz for m = 1, 2, 3 and 4, respectively. The resonance frequencies are always found to be much closed to the natural frequencies of the cavity in different acoustic modes. The experimental results are in accordance with these calculated values, as shown in Table 1 . 
Effect of the loudspeaker
Before the visualization measurement was performed, we need to ensure the loudspeaker can enhance the acoustic resonance rather than just provide an acoustic pressure fluctuation inside the side-branches. In order to confirm that the acoustic resonance was override by the loudspeaker, the following experiments were carried out.
The flow rate in the main duct was set to a constant value of 25 l/min. The frequency of the loudspeaker was set to various values including: 340 Hz, 401 Hz, 461 Hz, 518 Hz, 580 Hz, 641 Hz and 702 Hz. According to Fig. 2 and the empirical equation of the natural frequency of the coaxial side-branches, when the flow rate in the main duct was 25 l/min, the resonance frequency of the shear layer oscillation was 513 Hz, and the natural frequency of the cavity was approximately equal to 518 Hz. By checking the relationship between the velocity amplitude obtained from PIV results at a same point and the frequency of the loudspeaker, the amplitude was found to be the highest when the frequency of loudspeaker was set to 518 Hz than in other frequency conditions as expected, because the acoustic resonance occurs when the frequency of the hydrodynamic mode of the shear layer oscillation matches that of the resonant acoustic mode of the side-branches. This confirmed that the acoustic resonance was overridden in this case and the whole system was in an off-resonance condition when the frequency of the loudspeaker was set to other values.
Phase-averaged velocity fields under successive phase of a typical acoustic cycle
In order to obtain the patterns of flow structure at different phase φ of an acoustic cycle, a phase-locking technique was employed to acquire image pairs of the flow at a desired phase φ of a typical acoustic cycle. The technique was achieved by synchronizing the frequency generator and the pulse and delay generator, as stated in Section 2.2.
In the present study, velocity fields at eight successive 45°-wide phase intervals, i.e. eight successive 1/8 T -wide time intervals correspond to different shear layer oscillation modes were obtained. Phase φ of the image acquisition was defined as the phase difference between the occurrence of zero crossing of pressure signal from a negative to a positive value and the image acquisition time. During each test run (i.e. for each phase φ of an acoustic cycle), a total of 10914 image pairs with the same phase were acquired. Instantaneous velocity fields under a desired phase were then processed on a computer. Phase-averaged velocity fields correspond to a desired phase in the oscillation cycle were obtained by averaging these instantaneous velocity fields to produce a single two-dimensional quantitative representation of the flow at each phase.
Examples of lines of equal velocity superimposed on the phase-averaged velocity fields at two different hydrodynamic modes are shown in Fig. 3 . The graphs in the left and right column correspond to the first hydrodynamic mode, when the flow rate in the main duct was adjusted to 18 l/min and the frequency of the loudspeaker was set to 172.5 Hz, and correspond to the second hydrodynamic mode, when the frequency of the loudspeaker was set to 518.3 Hz and the flow rate in the main duct was adjusted to 25 l/min, respectively. The vector on the top center corner of each image at the first and the second hydrodynamic mode indicates a magnitude of 12 m/s and 15 m/s, respectively. The increment of two lines of equal velocity is 0.8 m/s and 1.0 m/s on the left and right columns, respectively. The inserted graphs in Fig. 3 schematically represent a typical time traces of the frequency generator signal (the sinusoidal signal) and the trigger of the laser. As shown in the inserted graphs, the phase-averaged velocity fields shown in Fig. 3 (a) are taken at φ = 90° and that in Fig. 3 (b) are taken at φ = 270°. The oscillations of the shear layer correspond to the first and the second hydrodynamic mode during one acoustic cycle can be clearly observed from these images. By comparing two patterns of flow structure at the same phase but at different hydrodynamic modes, one can easily observe the difference between the two shear layer oscillation modes. Fig. 3 Patterns of phase-averaged flow field correspond to the first hydrodynamic mode (left column) and the second hydrodynamic mode (right column), where the side-branches resonators are induced at the first and third acoustic mode, respectively. The top images illustrate the generated phase-averaged velocity fields at φ = 90°, and the bottom ones were obtained at φ = 270° Oshkai et al. (2008) reported that when the main duct width is sufficiently narrow, the bottom shear layer can interact with the top shear layer. It is therefore can regard the bottom and top shear layers as one jet, and the complex oscillations of the two shear layers can be simplified by considering the oscillation of a jet in the main duct. Fig. 4 displays the patterns of jet correspond to the first and the second hydrodynamic modes during a typical acoustic cycle. The dots were obtained from picking up the position of the points which have the highest velocity in each spanwise distribution. The gray approximate lines were drawn to show the jet clearly.
Patterns of jet correspond to two hydrodynamic modes
For the jet at the first hydrodynamic mode, at the moment of t = 0/8 T 172.5 , an antinode is formed in the jet. During the first half of the acoustic cycle, the antinode in the jet is convected downstream, and immerged into the downstream corner of the branch at the moment of t = 3/8 T 172.5 . At the moment of t = 4/8 T 172.5 , a wave trough is formed at the upstream edge of the side-branches. During the second half of the acoustic cycle, the wave trough in the jet is convected downstream, and immerged into the downstream corner of the branch at the time t = 7/8 T 172.5 . During this periodical fluctuation, an acoustic cycle was completed.
(a) (b) Fig. 4 Patterns of jet at the first (a) and the second (b) hydrodynamic modes during a typical acoustic cycle.
In contrast to the first hydrodynamic mode, where only one antinode and one wave trough is observed in the jet, two antinodes and one wave trough or two wave troughs and one antinode are existed in the jet during a typical oscillation cycle correspond to the second hydrodynamic mode, as follows. At the time t = 0/8 T 518.3 , a wave trough appeared at the upstream edge of the branch while an antinode and a wave trough already existed in the jet. During the first half of cycle, the antinode and the wave troughs in the jet are all convecting along with the mean flow towards the downstream corner of the branch. The wave trough closed to the downstream edge of the side-branches immerged into the downstream edge at the moment of t = 3/8 T 518.3 while a new antinode appeared at the upstream edge of the cavity. At the time instant of t = 4/8 T 518.3 , the antinode number in the jet became two. Meanwhile, the wave trough number in the jet changed into one. During the second half of the acoustic cycle, two antinodes and only one wave trough in the jet are convected downstream, and the antinode far away from the upstream edge immerged into the downstream edge of the branch at the time instant of t = 7/8 T 518.3 . During this periodical fluctuation, an acoustic cycle correspond to the second hydrodynamic mode was completed.
For an edge-tone system, Nyborg (1954) proposed an equation of motion with highly simplifying assumptions for the self-maintained oscillations of a jet. The jet profiles for the self-maintained transverse oscillations which arise in a low-velocity jet as it plays upon an obstacle and cause the generation of edge tones were then presented. The jet profiles operating at the first and second hydrodynamic modes were represented at instants separated by regular intervals of one-tenth of the period T. Our experimental results are qualitatively consistent with those from the theoretical results.
Oscillation of the jet in spanwise directions
The oscillation of the jet position in two specific spanwise directions as a function of time during a typical acoustic oscillation cycle correspond to the first and the second hydrodynamic modes is shown in Fig. 5 . The jet position is picked up from the phase averaged velocity distribution with a phase resolution of 45°. The spanwise positions X 1-1 and X 2-1 were indicated in Fig. 3 (a-1) , and the spanwise positions X 1-2 and X 2-2 were shown in Fig. 3 (a-2) , the distance between the positions X 1-1 and X 2-1 and that between the positions X 1-2 and X 2-2 was the same. From these figures, one can see that the jet oscillation amplitude in the position near to the downstream edge of the branch is larger than that far away from the downstream edge. Meanwhile, the amplitude of the jet oscillation near the downstream edge of the cavity at the first hydrodynamic mode is qualitatively larger than that at the second hydrodynamic mode. From each figure, a phase delay between two positions can be observed. By fitting the points in each spanwise position, the phase difference between positions X 1-1 and X 2-1 is 51° and that between the positions X 1-2 and X 2-2 is 117°. The resolution of the phase difference between two time instants was 45°. In the next section, these phase differences will be used to compare with the results acquired from the phase delay maps, and to prove the correctness of the following phase delay maps. 
Phase delay maps
Contour maps of phase difference in the visualization area under the frequency of the loudspeaker was set to 172.5 Hz, 400.9 Hz and 518.4 Hz, when the flow rate in the main duct was 18 l/min, 25 l/min and 25 l/min, respectively, are shown in Fig. 6 . These figures were obtained from calculating the cross-correlation and zero-correlation value at the resonance frequency for V ry between different points and a selected reference point. V ry is defined as:
where V y is the transverse component of the detected velocity vector, Vy -is the time-averaged value of V y at a specific point. After applying the band pass filter to V ry , the high and low frequency components (> f +50 Hz and < f-50 Hz) was cut off and the velocity fluctuations at the frequency of the loudspeaker was obtained. The data processing procedure to obtain a phase delay map including: picking up the velocity fluctuation at each point of the visualization area, the velocity fluctuation was picked up at intervals of 16 pixels both in the horizontal and vertical directions; applying the band pass filter to V ry , to cut off the high and low frequency components (> f +50 Hz and < f-50 Hz), the time instants difference was 0.3333 ms; calculating the cross-correlation values of each point respect to a selected reference point; calculating the zero-correlation values at a constant frequency, this provide the method can distinguish the phase difference between different frequency component; and finally evaluating the phase difference between each point and the reference point.
The contour interval is 20º in each figure. From these figures, one can obtain the phase difference between any two points. The phase difference between positions X 1-1 and X 2-1 in Fig. 6 (a) is 76°, and that calculated from the phase-locking technique in Fig. 5 (a) is 51°, the difference is 25°. The phase difference between positions X 1-2 and X 2-2 in Fig. 5 (b) is 117° and that from the phase delay map in Fig. 6 (c) is 123°, the difference is 5°. The comparison confirmed the correctness of these phase delay maps. Fig. 6 (a) and (c) show the contour map of phase difference under resonance condition, and Fig. 6 (b) shows that under off-resonance condition. The phase delay maps under resonance condition were symmetric about the main duct. In the case of coaxial side-branches which are well tuned (i.e. of equal length), the acoustic flux at the mouth of one branch is equal but opposite to that at the mouth of the other branch. For example, Graf and Ziada (1992) found that only 2% of the acoustic power in the coaxial side-branches was radiated into the main pipe. The two branches therefore strongly couple and form a subsystem with negligible radiation losses into the main pipe. Thus the contour lines in the two side-branches under resonance condition can be symmetric about the main duct. However, the contour lines in the visualization area under off-resonance condition exist only in the upper side-branch, which the loudspeaker was installed at the end of this branch. This further confirmed that the acoustic resonance was not induced when the frequency of the loudspeaker was set to 400.9 Hz.
Conclusion
Phase-averaged velocity fields in the junction of coaxial side-branches at variable phases of a typical acoustic cycle, while the acoustic resonance was induced at the first and second hydrodynamic modes, were obtained two-dimensionally by dynamic PIV. Before the visualization measurement was introduced, the natural shear layer oscillations and acoustic resonance behavior were observed in detail. Frequency lock-in was observed from the resonance characteristics of closed coaxial side-branches system. The patterns of jet correspond to the first and the second hydrodynamic modes during a typical acoustic cycle were displayed. The jet configurations appear to be in fairly good agreement with the predicted ones. dynamic PIV can acquire high temporal-and spatial-resolution images, and therefore can obtain time-series velocity fluctuations. Contour maps of phase difference were calculated using the time-series velocity fluctuations. The contour lines under the resonance conditions are symmetric about the main duct. The phase delay map method should be compared with the phase-locking technique. In contrast with the phase difference obtained from phase-locking technique, the phase delay map method provides truly two-dimensional distribution and can distinguish different acoustic mode frequency components.
